Graphene is known to show a significant photo-thermoelectric effect that can exceed its photovoltaic contribution. Here, by utilizing this effect, we demonstrate a photovoltage measurement of cyclotron resonance in a double-back-gated h-BN/graphene/h-BN two-terminal device. A graphite local bottom gate was fabricated in addition to a p-doped Si global back gate. By tuning the two gate voltages, an inplane graphene junction having an asymmetric carrier-doping profile was created.
Graphene exhibits an unconventional Landau quantization owing to its unique band structure. Thus, it has been studied extensively to reveal quantum Hall physics [1, 2] . The energy of a Landau level of graphene changes in proportion to √", where B denotes the magnetic field perpendicular to graphene's plane, and the spacings between different Landau levels are unequal. The optical selection rule between the Landau levels of graphene is D|N| =±1, where N is the index of the Landau level; this is in contrast to conventional two-dimensional electron systems such as GaAs and Si, which follow the selection rule DN =±1. Because of the unequal spacing between Landau levels and the unconventional optical selection rule, inter-Landau-level transitions (so-called cyclotron resonance) cover a broad THz frequency range that cannot be achieved with other materials.
Therefore, graphene has been recently received considerable attention for use in THz emitter and photodetector applications [3] [4] [5] [6] [7] .
Several studies have been conducted to detect inter-Landau-level transitions by means of photocurrent or photovoltage measurements [8] [9] [10] [11] [12] . Previously, the bolometric effect, photovoltaic effect, and microwave rectification have been considered to be the sources of the photo-induced signal in graphene. However, recent experiments demonstrated that the photo-thermoelectric effect has a more significant contribution to the photo-induced signal compared to other mechanisms owing to the large thermoelectric coefficient of graphene [13] [14] [15] [16] [17] [18] . Thus far, this effect has not been seriously considered for detecting cyclotron resonance in graphene, primarily because of the symmetric carrierdensity profile used in most of the previous devices, as we will discuss in a subsequent paragraph. In the present study, we fabricated a double-back-gated graphene device to create an asymmetric carrier-doping profile in the device and demonstrated the photothermoelectric detection of cyclotron resonance.
A schematic of the fabricated device and its optical micrograph are shown in Figs. 1(a) and 1(b), respectively. Graphene was encapsulated with two different layers of h-BN.
The thicknesses of both the top and bottom h-BN layers are ~40 nm. Under the bottom h-BN layer, a graphite layer with a thickness of ~7 nm was placed as a local back-gate electrode. The device was fabricated on a 290-nm-thick SiO2/p-doped Si substrate. By applying a gate voltage VR to the graphite gate, the carrier density nR of the right-side graphene located on the graphite gate is changed. By applying a gate voltage VL to the pdoped-Si substrate, the carrier density nL of the left-side graphene located on the p-doped Si substrate is changed (the electric field from the p-doped Si substrate is completely screened by graphite). This structure was fabricated using mechanical exfoliation from graphite and a bulk crystal of h-BN as well as the dry transfer of each layer using a method based on polymethyl methacrylate (PMMA) [19, 20] . Using electron beam (EB) lithography and EB evaporation, a Pd contact electrode with a thickness of 120 nm was fabricated. Measurements were performed using a variable-temperature cryostat, and the temperature during the measurement was maintained at 3 K. A magnetic field was applied perpendicular to the plane from a superconducting magnet. A wavelength-tunable CO2 laser (l = 9.28-10.61 µm) was used to irradiate the sample. By using an optical fiber and a polished stainless-steel light pipe, the laser light is delivered to the sample with a spot size of ~33 mm 2 and power density of 2.71 × 10 -2 Wcm -2 . The light was modulated using an optical chopper with a frequency of 85 Hz, and the photo-generated voltage was measured using a lock-in amplifier. The intensity of the irradiated light is homogeneous across the device because the light spot is much larger than the size of graphene. In addition,
we assume that the irradiated light becomes non-polarized at the sample surface because of the use of the optical fiber and light pipe. To measure the two-terminal resistance of the graphene layer, a lock-in amplifier was used with an ac-current excitation amplitude of 10 nA.
First, we illustrate the generation of photo-thermoelectric voltage in a two-terminal graphene device having a symmetric carrier-doping profile in Fig. 1(c) . The carrier density suggesting that the photo-thermoelectric effect is also sensitive to the splitting of Landau levels in graphene. Hereafter, we focus on the nR dependence of the Vinduced signal and investigate photo-thermoelectric effect in the high-magnetic-field regime. Fig. 3(a) along a fixed carrier concentration of nR = -1.1 ´ 10 11 cm -2 is shown in Fig. 3(b) . We observed the resonant enhancement of Vinduced at a magnetic field of ~9 T. The signal at resonance (B = 8.9 T, indicated by the black arrow in Fig. 3(a) ) is presented in Fig. 3(c) .
We attribute the signal enhancement at ~9 T to the cyclotron resonance absorption of graphene. Further, we illustrate the energy levels of graphene's electrons under Landau quantization in Fig. 3(d) . In addition to the high field resonance, we also observed resonances in the low-magneticfield region of Fig. 3(a) , as shown in Figs. 3(e-g). Three resonance peaks at ~1.3, ~0.7, and ~0.5 T are observed, as indicated by red, green, and orange arrows, respectively, in Fig. 3(e). The cross section of Fig. 3 (e) along a fixed carrier concentration of nR = 1.8 ´ 10 10 cm -2 is shown in Fig. 3(f) . The signal at resonance (B = 1.3 T, indicated by the red arrow in Fig. 3(e) ) is presented in Fig. 3(g) . The Landau energy diagram is shown in Fig. 3 orange arrows) at field values of ~1.3 T, ~0.7 T, and ~0.5 T, respectively. Thus, the appearance of three resonance peaks at low-field regions constitutes further evidence for the detection of cyclotron resonance in our experiment. Note that, in Fig. 3(a) , the position of the cyclotron resonance peak shifts to a lower magnetic field around the Dirac point. A similar shift was reported by another group and was attributed to the change of graphene's effective Fermi velocity [21, 22] .
The changes of resonance magnetic field with different wavelengths of irradiated light are shown for both the 1st and 2nd transitions in Fig. 4(a) . (Fig. 2) . In addition, Vinduced exhibits an oscillatory change with respect to nR, and the periodicity of oscillation matches a quantum Hall filling factor of Dn = ±4. Therefore, we believe that the Vinduced observed here is due to the magneto-photothermoelectric effect of graphene such that photo-induced heating is converted to voltage through the magneto-thermoelectric effect [23] [24] [25] . Under the magnetic field, the thermoelectric coefficient of graphene contains two different components: they are components longitudinal (Seebeck effect) and transverse (Nernst effect) to the thermal gradient [23] [24] [25] . Both thermoelectric coefficients approach zero at the quantum Hall plateaus such as n = ±2, ±6, and ±10, and they increase between the plateau regions.
Therefore, the magneto-thermoelectric effect in graphene provides a Dn = ±4 sequence.
Owing to the two-terminal geometry of our measurement, in principle, both the Seebeck and Nernst effect could contribute to the measured signal. To distinguish these effects,
Vinduced was compared between different polarities of magnetic fields (supplementary Fig.   S1 ). We found that the sign of Vinduced is unchanged upon reversal of the applied magneticfield direction; thus, we believe that the main contribution is the Seebeck effect. Here, we estimated the temperature rise of graphene under light irradiation at the resonance condition (B = 8.9 T and l = 10.182 µm) as ~2.8 K (supplementary Fig. S2 ). The Seebeck coefficient around this magnetic field and temperature is ~10 µV/K in graphene [23, 24] .
This value is in reasonably good agreement with our results for the photovoltage signal, showing a signal of ~80 µV with a temperature rise of ~2.8 K. Therefore, our result strongly suggests that the photo-thermoelectric detection of cyclotron resonance is achieved in graphene.
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